One sentence summary: Optimized electroporation procedure for transformation of Dekkera/Brettanomyces bruxellensis, a notorious wine spoilage yeast and a promising bioethanol producer.
Brettanomyces bruxellensis (teleomorph Dekkera) is primarily known as spoilage yeast which produces a characteristic unpleasant aroma (Chatonnet et al. 1992) and is responsible for significant economic losses in wine industry (Fugelsang 1997) . However, B. bruxellensis also has some interesting and potentially exploitable physiological features (recently reviewed by Passoth 2015 and Steensels et al. 2015) including ability to ferment cellobiose and adapt to challenging growth conditions in lignocellulose hydrolasate. Hence, this yeast is gaining researchers' attention as a possible bioethanol producer (Radecka et al. 2015) . Perhaps the most notable example of ethanol production by B. bruxellensis is a facility in Sweden where this yeast quickly replaced the inoculated Saccharomyces cerevisiae culture and produced satisfactory ethanol yield (Passoth, Blomqvist and Schnürer 2007) . Furthermore, Reis et al. (2014) showed that certain strains of B. bruxellensis can ferment cellobiose in an industrial-like environment and thus have potential for second-generation ethanol production. As more research focuses on industrial potential of B. bruxellensis, it is becoming increasingly important to develop efficient molecular tools that can be used to improve producer strains, but also to facilitate fundamental research leading to better understanding of this biotechnologically important yeast.
Previously, we described the first successful genetic transformation of B. bruxellensis using lithium acetate/PEG method and electroporation with linear non-homologous DNA fragment which integrated into the genome at random position (Miklenić et al. 2013) . However, the transformation efficiency was rather low (10-20 transformants per μg of DNA) with only several transformants obtained per transformation sample. Therefore, identification of transformants carrying a desired genetic modification would be difficult and laborious since targeted integration of transforming DNA is typically rare in non-Saccharomyces yeasts (Wang, Choi and Lee 2001; Klinner and Schäfer 2004) . In this work, we describe an optimization of electroporation procedure which led to more than a 150-fold increase in transformation efficiency compared to the previously published results. Most importantly, the optimized procedure consistently yields a satisfactory number of transformants (on average 500 transformants per sample) using moderate amounts of transforming DNA (180 ng).
For transformation experiments in this research, we used the same non-homologous DNA fragment described previously (Miklenić et al. 2013) which carries a kanMX4 geneticin resistance marker. Transformants were selected on GYP plates (20 g/l glucose supplied by Fluka, Switzerland, 10 g/l bacto peptone supplied by Biolife, Italy, 5 g/l Difco yeast extract and 20 g/l Difco agar, BD, USA) containing 300 μg/ml of geneticin G418 sulphate (Fisher Scientific, Belgium). Negative control samples were treated identically as other samples, but no DNA was added during electroporation and there were no colonies growing on negative control plates. Additionally, a randomly selected subset of transformants (18 colonies) was analysed by Southern blotting using DIG-labelled kanMX4 as hybridization probe (Fig. 1) . As in our previous work, the fragment integrated randomly in the genome and no false positive transformants were found. Therefore, during transformation procedure optimiza- tion, all colonies growing on GYP-geneticin plates were counted as transformants.
Transformation efficiency of various yeast species can greatly depend on cell culture growth phase, final density and volume of cell suspension in the transformation sample as well as electroporation pulse parameters. In our previous work, the cells were grown up to 1 × 10 7 per ml, and cell suspension density for electroporation was 1 × 10 9 ml −1 , resulting in 10-20 transformants per μg of DNA. This was based on a electroporation protocol for S. cerevisiae outlined by Gietz and Woods (2001) . However, during transformation of S. cerevisiae we noticed that growing cells up to 5 × 10 7 ml −1 and maximally increasing cell density positively influences transformation efficiency. Hence, for initial transformation optimization experiments on B. bruxellensis (strain CBS 2499), cells were grown to 5 × 10 7 ml −1 and resuspended to the final cell density of 2 × 10 10 ml −1 . Also, transformation efficiency in some yeast species can be improved by a treatment of cells with lithium acetate (LiAc) and/or dithiothreitol (DTT) prior to electroporation (Pribylova and Sychrova 2003; Table 1 . Combinations of transformation parameters tested during optimization of B. bruxellensis electroporation procedure. by guest on December 13, 2015
http://femsyr.oxfordjournals.org/ Downloaded from Wu and Letchworth 2004; Wang, Hung and Tsai 2011 Table 1 . Additionally, to investigate if the 45 min incubation in water solution does not negatively influence transformation efficiency (possibly by reducing cell viability) additional control without any incubation was performed. As shown in Fig. 2A , treatments of cells with LiAc or 1 DTT alone did not influence transformation efficiency, but LiAc and DTT had synergistic effect on the efficiency. Results demonstrate that at least 20 mM DTT should be used for cell treatment, while excess of DTT (more than 35 mM) has only mild negative effect on the transformation efficiency (Fig. 2D) . Highest transformation efficiency was achieved using 100 mM LiAc (Fig. 2E) . Although we achieved a satisfactory number of transformants during these experiments, we were uncertain that the initially chosen parameters were indeed optimal for this procedure. Further experiments showed that culture grown to 5 × 10 7 cells ml −1 results in highest transformation efficiency, but yeast cells can be only slightly less efficiently transformed when grown up to 1 × 10 8 cell ml −1 (Fig. 2B) . Furthermore, we found that the higher the suspension density, the more the transformants were (Fig. 2C) . The suspension density of 2 × 10 10 cells ml −1 (1 × 10 9 cells per sample) is optimal for transformation because further increase of density made transformation sample too difficult to handle and to pipette into an electroporation cuvette. Highest number of transformants was obtained when a pulse of 1.5 or 1.8 kV (7.5-9 kV cm −1 ) was administrated ( Fig. 2F ) while pulse time constant was 5 ms (using BioRad Micropulser apparatus with 10 μF capacitor, 600 resistor and 0,2 cm cuvettes). Finally, we tested the influence of DNA mass on the number of obtained transformants. The results shown in Fig. 2G indicate that competent cells become saturated with 60-180 ng of DNA. Further increase of DNA mass up to 1000 ng did not yield any significant increase in the number of obtained transformants. Additionally, several transformants were obtained with as little as 0.3 ng of the transforming DNA fragment (resulting in nominally highest transformation efficiency of 2.7 transformants μg −1 ).
Based on the results described in this work, we propose the following improved procedure for transformation of B. bruxellensis by electroporation: 1. Use freshly grown stationary phase B. bruxellensis to inoculate 200 ml of GYP medium. Add maximum of 1 ml of stationary culture to 200 ml of fresh medium. Incubate on orbital shaker (180 rpm) at 28
• C until 5 × 10 7 cells ml −1 is achieved. Count cells in Thoma chamber to determine the growth phase. 2. Centrifuge cells at 1500 g, 4 min, room temperature and carefully decant supernatant. Wash cells twice in 100 ml of sterile deionized water under the same conditions. 3. Resuspend cells in 20 ml of freshly prepared cell treatment solution (35 mM DTT and 100 mM LiAc, filter-sterilized). Incubate for 45 min at 28
• C with gentle shaking (80 rpm).
4. Centrifuge cells at 1500 g, 4 min, 4
• C. From this step on to step 10, the cells must be kept on ice. Wash pellet once in 20 ml of ice-cold sterile deionized water. 5. Wash cells twice in 20 ml of ice-cold 1 M sorbitol. 6. Resuspend cells in ice-cold 1 M sorbitol so the total volume of suspension is 500 μl.
7. Distribute aliquots of 50 μl in 10 microcentrifuge tubes (10 transformation samples). 8. Add 1 μl of DNA dissolved in deionized water and mix thoroughly using micropipette. Incubate on ice for 5 min. 9. Place the sample in 0.2 cm electroporation cuvette which was previously kept on ice and pulse. The electroporation parameters should be 1.8 kV and 5 ms. 10. Immediately after the pulse add 1 ml of ice-cold 1 M sorbitol:GYP = 1:1. Incubate at room temperature without shaking for 20 min. 11. Place the cell suspension in a 10 ml tube and add another 1 ml of GYP medium. Incubate for 6 h at 28
• C, 180 rpm. (This step could possibly be skipped if an auxotrophic marker was used instead of an antibiotic resistance marker.) 12. Inoculate sample on GYP-geneticin plates. At least two plates (90 mm in diameter) should be used per sample. Cells can be centrifuged at 1500 g for 4 min prior to inoculation to reduce the volume of the sample. 13. Incubate plates on 28
• C. Transformants are visible after 5 days.
Average transformation efficiency of B. bruxellensis achieved using the described electroporation procedure was 2.8 × 10
